Fibrous arsenate adsorbent was prepared by loading Zr(IV) onto a bifunctional cation exchange fiber containing both phosphonate and sulfonate. This bifuctional cation exchange fiber was prepared by phosphorylation and sulfonation of the precursory fiber, which was obtained by co-graft polymerization of chloromethylstyrene and styrene onto polyethylene coated polypropylene fiber. Performances of the Zr(IV) loaded fiber as arsenate adsorbent was studied in columnar mode. The column packed with Zr(IV) loaded fiber removed arsenate from a weakly acidic pH solution containing 0.016 mM arsenate (1.2 mg of As dm-3) even at a flow rate of 200 h-1 in space velocity. Sodium salts of chloride, nitrate and sulfate did not interfere with uptake of arsenate but they slightly enhanced arsenate uptake. Adsorbed arsenate was quantitatively eluted with aqueous sodium hydroxide, and then the column was able to be regenerated by contact with dilute sulfuric acid for the next arsenate adsorption operation.
Introduction
In many countries, high arsenic (As) concentrations in alluvial aquifers become problem, and in particular, both alluvial and deltaic aquifers in Ganges delta area contain As at the most serious concentration levels [1] . Several arsenic adsorbents have been proposed to purify water contaminated with As. Ferric oxides and alumina were not able to use repeatedly and generate secondary problems from sludge containing As. Ligand exchangers based on metal ion loaded chelating resins can adsorb arsenate selectively and the adsorbed arsenate can be eluted with some pertinent eluents. For instance, Zhu and one of the present authors (A. J.) proposed a Ligand exchange adsorbent for arsenate and arsenite on the basis of Zr(IV) loaded cation exchange resins having phosphoric acid and phosphonic acid groups [2, 3] . Several groups have also proposed arsenate adsorbents by loading metal ions such as Fe(III), Zr(IV), Mo(VI) and Cu(II) onto chelating resins such as iminodiacetic acid resins and their homologs [4] [5] [6] [7] [8] [9] . However, one of the most serious drawback of granular arsenic adsorbents is low kinetic performances in uptake of arsenate. Opposed to granular adsorbents, fibrous adsorbents have excellent (278 Vol.18 No. 4 (2007) 423 kinetic performances in uptake of a target ion. Indeed, Seko et al. have reported a fibrous arsenate adsorbent , which was obtained by loading Zr(IV) onto a monofucntional cation exchange fiber prepared by graft polymerization of vinyl monomers containing phosphoric acid groups [6] . This fibrous adsorbent exhibits excellent kinetic performances but unfortunately its columnar uptake of arsenate was tested in relatively high concentration levels of 5-10 mM (M=mol dm-3) of arsenate (370-750 mg dm-3 of As). However , concentrations of arsenate are not so high in arsenic contaminated groundwater even in Ganges delta area and are less than 2 mg dm-3. In this connection, we have already developed a bifunctional cation exchange fiber containing both phosphonic and sulfonic acids (named FPS, Scheme 1) [10] . This work was planned in order to clarify the behavior of Zr(IV) loaded FPS in column mode uptake of arsenate in the lower concentration levels of 0.016-0.15 mM (1.2-11 mg of As dm-3). phase graft co-polymerization onto the trunk fiber. The detailed procedures for the graft polymerization and preparation of FPS were described elsewhere [10] . Weight increase in graft polymerization was 1.3 times that of the trunk fiber. The acid capacity, phosphorus and sulfur contents were determined by reported methods [11, 12] . The acid capacity of FPS is 4.9 meq/g and its phosphorus and sulfur contents were 0.99 and 2.1 mmol/g, respectively. but it decreased down to 0.027 mmol/g at the flow rate of 100 h-1 in SV. However, the 1% breakthrough capacity for arsenate was not significantly affected up to the flow rate of 50 h-1 in SV. Indeed, the 1% breakthrough capacities for arsenate at flow rates of 20 and 50 h-1 in SV were 0.032 and 0.030 mmol/g, respectively. If the adsorption of arsenate is controlled by diffusion of arsenate in fiber phases, breakthrough profiles of arsenate must be flow-rate independent up to flow rates of 1000 h-1 as in the case of uptake of heavy metal ion by several chelating fibers [6] . However, breakthrough profiles of arsenate is flow rate dependent. This means that the ligand exchange reaction is not so fast or the diffusion of arsenate is not as fast as those for uptake of the metal ions by the chelating fibers. At the present, it is difficult to judge which is the real cause of the flow rate dependent breakthrough profiles.
Elution of Adsorbed Arsenate
Since hydroxide is the hardest Lewis base among common inorganic anions, it is expected that aqueous NaOH behave the effective eluting reagent for adsorbed arsenate as already reported [2] . 
Effect of Inorganic Anions on Arsenate Adsorption
The most frequently encountered anions in groundwater are chloride and sulfate and less frequently one is nitrate. It is important to check the effect of these anions on uptake of arsenate. Then, solutions containing arsenate (0.13 mM) and a sodium salt of each anion (0.30 mM) were prepared and supplied to the column at the flow rate of 50 h-1 in SV. The pH of solutions was kept at 3.0. Figure 3 shows breakthrough profiles of arsenate and suggests that the adsorption of arsenate is not interfered with these anions but breakthrough points are slightly increased by sodium chloride and sodium sulfate.
Similar trends were reported by several researchers on arsenate adsorption by metal ion loaded chelating resins [2, 4, 7] . The Zr(IV) binds with arsenate so strongly that increased concentration of sodium ion from added salts will promote the invasion of arsenate through ion pair formation of arsenate with sodium ion according to reactions (1) and (2). Zr(IV) prefers hydroxide to arsenate. This predicts that uptake of arsenate by the present adsorbent decreases with an increase in pH. Then, the pH effect on arsenate adsorption was tested in the pH range between 2.0 and 5.6. The results are summarized in Table 1 with experimental conditions. Table 1 Summary of pH effect on columnar uptake of arsenate a) Feed (160 BV) was supplied to the column at the flow rate of 50 h-1 in SV . b) BP means 1% breakthrough .
Results in Table 1 suggest that the 1% breakthrough capacity for arsenate was not changed so greatly below pH 3 but gradually decreases with an increase in the pH of the feed between pH 3 and pH 5.6. Arsenate will be adsorbed by Zr(IV) loaded FPS through their coordination to Zr(IV). The anion of weak Lewis base like sulfate is coordinated to Zr(IV) after the regeneration operation with treatment of aqueous H2SO4. The weak Lewis base sulfate is easily replaced with arsenate species such as H2AsO4and HAsO42-. For instance, exchange of sulfate with H2AsO4-can be expressed by the reaction (3).
Since hydroxide OH-is the hardest Lewis base among the anions of interest here, the following ligand exchange reaction (4) shifts to right hand side with an increase in pH:
Then, uptake of arsenate decreased with an increase in pH. Above pH 5, however scattering in total uptake of arsenate became marked compared with those below pH 4. This is probably due to that the buffer capacity of the feed is the minimum around ca. pH 4.6. Low buffer capacity will bring unstable pH of the feed leading to rather marked scattering of total uptake of arsenate above pH 4. Figure   4 shows the breakthrough profile of arsenate during adsorption operation. The 1% breakthrough point was 302 BV, which correspond to the breakthrough capacity 0.024 mmol of As/g of dried FPS. Even though the concentration of arsenate was as low as 1.2 mg of As dm-3 and the flow rate was as high as 200
h-1 in SV, the 1% breakthrough capacity was not decreased in appreciable amounts.
All experimental results given in this paper were obtained using the same column for 4 months without change of Zr(IV) loaded FPS and reloading of Zr(IV) as well. During repeated adsorption-elution-regeneration operations, no measurable Zr(IV) was found in the column effluents .
This means that the Zr(IV) was strongly retained on FPS. Concentrations of arsenate in groundwater is usually less than 2 mg dm-3, it is very important to investigate the behavior of the proposed adsorbent in such dilute arsenic concentration levels comparable to those in real groundwater, because breakthrough capacities are affected by kinetic aspects of ligand exchange reactions. The present work clarified that the Zr(IV) loaded FPS fiber is able to purify 300 BV of water contaminated with 1.2 mg dm-3 of arsenic as arsenate for 1.5 h. 
